Iv.
v. 
2.
3.
4.
5.
6.
7.
8.
9.
Diametral isotopic distributions of 'WRh, "7CS, Irradiation region of the radium (-y,n) beryllium assay system for measuring '"U content in irradiated Rover fuel rod tubes . The neutron methods, which usually involve active interrogation and prompt or delayed signal counting, are designed to assay the fissile content of the spent-fuel elements. Systems to assay highly enriched spent-fuel assemblies have been tested extensively. Feasibility studies have been reported of systems to assay light-water reactor spent-fuel assemblies. The slowing-down spectrometer and neutron resonance absorption methods can distinguish between the uranium and plutonium fissile contents, but they are limited to the assay of individual rods.
We have summarized the status of NDA techniques for spent-fuel assay and present some subjects in-need of further investigation. Accuracy of the burnup calculations for power reactors is also reviewed. Gamma-spectroscopy measurements and associated difficulties, and activity migration and attenuation are discussed in Sec. II. The neutron measurements, both passive and active interrogation, are reviewed in Sec. III. The reactivity and calorimetric methods are discussed in Sec. IV. The summary and discussions are presented in Sec. V, and in the Appendix, present burnup calculation accuracies are reviewed.
B. Burnup Definition
Because the principal goal of assaying spent fuel is to determine burnup and/or fissile content, definition of burnup is needed. The two common definitions are:
(1) Burnup is the number of fissions per 100 heavy nuclides initially present in fuel.
(2) Burnup is the integrated energy released from the fission of heavy nuclides initially present in fuel. 
Both the effective fission yield and the energy released per fission depend on the relative fission contribution from plutonium and uranium. 
II. GAMMA-SPECTROSCOPY MEASUREMENT
Gamma spectroscopy for determination of burnup of spent !%el has been investigated for a long time. The two NDA methods of gamma-ray assay are the absolute gamma activity measurement and the activity ratio measurement. The latter method was developed during the last several years and is still under intense investigation. Both methods measure . long half-life relative to irradiation period, . low migration (including precursors) in the fuel, and q easily resolvable gamma-ray spectra with highenergy gamma rays to minimize attenuation.
The radioactive fission products that satisfy most of these criteria are summarized in Table I The '94CS and "7CS isotopes tend to migrate toward the cooler regions of the fuel section. In the radial direction, both isotopes migrate toward the cladding; in the axial direction, they tend to concentrate in interpellet gaps. In their study of FBR fuels, Phillips et al.'" found differences in the relative concentrations of lS4Csand *S7CSas a function of axial positions. The authors attributed these differences to 137Csmigration mainly as the metal, and final 134cs distribution is the result of migration of either the 1991 or *g8Xe precursor. The amount of migration seems to depend on temperature, oxygen-to-metal ratio, and fuel density. The higher the oxygen-tometal ratio, the less migration tends to occur. In their fission-product migration studies on LWR fuels, Forsyth et al.3 found no 13'CS migration at a fuel centerline temperature < 1200°C; however, there was migration at a fuel centerline temperature between 1750 and 2050"C. The temperature threshold of the migration effect of *a7Cs has not been resolved. Dragnev' proposed a threshold temperature of 1500"C; Hiller1°suggested 2000"C.
Published data on the degree of 1'7CSmigration vary widely. Peripheral-to-center concentrations of 10:1 have been reported by Forsyth et al.,a and up to 1000:1 by Bates" for U02 thermal reactor fuels. Figure  1 shows typical diametral isotopic distributions4 of 'STCS,10eRh, and '5Zr, in which the sszr distribution represents no migration.
The *a4Cs migration for LWR fuel has not been studied and is thus speculative. The la4Cs and 187CS migrations may be different because the nuclides responsible for the migration are different. C. Attenuation 1. Fuel Pin. Gamma-ray intensities are attenuated as they emerge from the fuel pin. The attenuation depends on gamma-ray energy and on activity distribution within the pins. To minimize the attenuation effect, only relatively high-energy fission-product gamma rays (E >500 keV) are used in the spent-fuel gamma assay. On the other hand, the oxide fuel density is comparatively high (10.9 g/cm8); for the 661-keV gamma ray of 'S7CS,the selfattenuation factor within the l-cm-diam fuel pin is -0.63, or 'u37Y0 of the gamma intensity is attenuated within the pin, assuming a uniform activity distribution.
The attenuation correction is complicated by fracturing andfor formation of center voids in the fuel rods and by the activity distribution within the rods. It is difficult to predict void formation or fuel fracture; the processes depend on the fuel temperature and irradiation history, among other factors. The activity distribution within the rod depends on migration and burnup distribution throughout the irradiation.
Migration
of the various "radioactive fissionproduct burnup monitors was discussed in the previous section. The activities of "Zr, '44Ce, and 15.Eu do not migrate relative to the heavy metals, whereas those of 106Ru-iWRh, 1S4CS,and 'S7CS have been observed to migrate. " To estimate the activity distribution effect on attenuation correction, assume that l'7Cs migrates radially toward the fuel periphery to produce a concentration profile described empirically by The 662-keV gamma flux values received by a detector from a fiel rod with this activity distribution were calculated by numerical integration and compared with those from a fuel rod containing the same total quantity of the la7Cs activity but homogeneously distributed. The calculation was performed for the collimated case (collimator width <<R) and uncollimated case (collimator width -2R). Figure 2 shows a series of curves for fuel rod densities of 10.5 g/cm' (96% of U02 density) and diameters of 0.7, 1.0, 1.3, and 1.6 cm. The degree of activity distribution varies from AdAl = 1 (uniform distribution) to A3fA, = 100. The counting rate from the nonuniformly distributed activity is consistently higher. The error from assuming a uniform distribution depends on fuel pin radius and activity distribution within the pin. Radial activity distribution within a rod can be determined by horizontal scanning with narrow collimation in a hot-cell environment, but it will be difficult to determine in field inspection.
Fuel Assembly.
In measuring spent fuels, there is a distinct advantage in assaying a whole assembly instead of individual fuel pins because the assembly does not have to be taken apart. However, the advantage must be weighed against complications introduced by attenuation through the whole assembly and nonuniform burnup within the assembly. In whole, square-assembly assay, corner measurements are preferable to side measurements.
Experience has shown that for side measurements on fuel assemblies, a 30% variation in the 1.60-MeV l@La gamma activity was produced by a 10°angular variation of the collimator-detector axis, but the same angular deviation caused -1.5°A variation in corner measurements.lz Because of strong attenuation in the fuel rods, only the rods closest to the corner in front of the collimator contribute significantly to the measured gamma activity. The gamma-ray transmission through a boiling water reactor (BWR) fuel pin (lcm o.d.) is -0.29 at 661 keV. For an 8-by-8 BWR fuel assembly submerged in water, only -1% of the total '9'CS activity of the four central rods is measured. There is a "black-out zone" in the center of the assembly where gamma activity cannot be assayed. The same situation prevails for a CANDU bundle and is even more drastic for a pressurized water reactor (PWR) fuel assembly. A further complication in whole-assembly assay is nonuniform distribution of the flux during irradiation. In a BWR assembly, the rods at the edge of the assembly sometimes experience a higher burnup because they are near the water gap. In a CANDU fuel bundle, similar burnup variations among fuel pins have been found.a
It is difficult to measure activity distribution within the assembly. Lf detailed reactor operation conditions are known, the activity distribution of fission products can be calculated by some burnup computer codes. From the rod-to-rod distribution of the fission-product activity, the assembly attenuation factor can be calculated. Therefore, the accuracy of the attenuation calculation depends critically on the accuracy of the burnup calculation, and is probably the most uncertain factor in the whole-assembly assay.
D. Absolute Activity Measurement
When the number N of burnup monitor atoms formed during irradiation is determined, the burnup can be calculated by Eq. (3) . N is related to the gamma-ray intensities by in which
number in the ith gamma-ray peak observed per unit time, number of the ith gamma ray per disintegration, absolute detector efficiency at the energy of the gamma-ray peak, the effective attenuation at the energy of the gamma-ray peak, decay constant, and cooling time.
In Eq. (11), the k, and A depend on the status of the nuclear data; and for these radioactive fissionproduct monitors, they are generally known to -1 to 2%. The Xl can be measured to 17. or better. The attenuation factor Si may be determined fairly accurately for a single rod if diametral rod scan is performed; the uncertainty in Si is considerably larger for a whole assembly. The most crucial and difficult factor to determine is the absolute detector efficiency q, which depends on the measurement geometry, the collimator, and the intrinsic efficiency of the detector. The absolute efficiency may be determined by a calibration source of known total activity. The geometries for assay and efficiency calibration must be identical.
In a well-controlled hot-cell environment, the absolute activity measurement can be fairly accurate in a bumup determination. The accuracy, advantages, and disadvantages of each fission-product monitor are discussed below. Accuracy can be achieved only under well-controlled geometry, which normally cannot be achieved in field inspection. The absolute activity method is probably limited to reprocessing plants. A typical experimental arrangement' is shown in Fig. 3. 1. "Zr. The fission yield of "Zr is relatively constant for 'W and 2SoPufission. Also the neutron absorption cross section is low and the activity does not seem to migrate. However, its relatively short half-life (65 days) limits its use as a burnup monitor to cases of not excessively long irradiation and cooling times.
Zirconium-95 (Tll, = 65.5 days) decays to 'sNb (T,,, = 35.15 days) and the two nuclides are in secular equilibrium if the production rate of 'sZr is constant. The ratio of '5Zr to 'sNb is a constant during irradiation, but it drops to a different constant after a long cooling time. For a cooling time <300 days, the ratio can be used to determine the cooling Forsyth and Blackadder'S explored this drastic difference in fission yields to determine relative fission even~in 2SW and 2s0Pu. Agreement was obtained between experimental results and calculation, but careful irradiation history and decay correction were necessary to deduce the percentage of '8DPu fission. For spent fuels that have been irradiated for a relatively long time (e.g., 3 yr), the uncertainty caused by irradiation history and decay corrections can be substantial. Previous studies also showed a substantial deviation between nondestructive and destructive determinations of the amount of 'OORu-'O'Rh in Trino reactor fuels'7 (7.7%) and Dodewaard reactor fueks?s (14.9%).
3. '9TCS. Cesium-137 is often considered the most suitable fission product for burnup measurements because (1) it has a relatively long half-life, (2) its neutron absorption cross sections (and those of its precursors) are negligible, and (3) it has approximately the same yields for both 29W and 2S9PU. The 30-yr half-life of 'S'CS makes the power history correction unnecessary.
The major drawback of '"CS as a burnup monitor is that it migrates at high temperature and at low oxygen-to-metal ratio. Axial cesium migration can be checked by comparing '3'CS with nonmigrating isotopes, for example, zirconium or praseodymium. The radial cesium migration introduces uncertainty in the attenuation correction, Also, in case of clad failure, "7CS cannot be used as a burnup monitor.
The results of several studies on the use of '97CSas a burnup monitor of spent fuels either in pellet or total assembly form are summarized in Table II . Burnup is determined by mass-spectroscopy measurements unless otherwise specified. Table II shows that with fuel rods, NDA of la7Csactivity can determine burnup to an accuracy of 1 to 4% within a wide burnup range, When the whole assembly or bundle is assayed, the 187Csactivity can determine burnup from 2 to 6%. Because the Trino, Garigliano, and Bohunice reactors have been studied intensively, 187Cs activity distributions within their assemblies or bundles (and therefore the attenuation factors) can be calculated accurately. The uncertainties of the whole-assembly assay for other reactor fuels depend largely on the uncertainties of the attenuation calculation. These uncertainties may be substantially larger than 6%. In the assembly assays, measurements were performed at four corners of the assembly and at eight or nine levels. The N7CS activities at all the measuring points were totaled to obtain an integral value for the fuel assembly.
4. "4Ce-'44Pr. The l'4Ce-'44Pr activity has a distinct advantage because it and its precursors do not migrate relative to the heavy metals. In addition, l..pr emits a 2. 18-MeV gamma radiation. The relatively high energy of this gamma radiation makes an accurate attenuation factor calculation less important. Nondestructive determinations of the amount of 144 Ce-'44Pr, therefore, are generally quite accurate compared with destructive analyses (within 1.7% in Trino fuel pelletsl').
These advantages must be weighed against its relatively short half-life of 284 days, and the somewhat different fission yields of *SW and 2gePu (Table I ). These two drawbacks require a careful power history correction. In their study of '44Ce-144Pr as a fission monitor for CANDU reactor fuels, Chen et al.z' found that the overall uncertainty in burnup determination can be as high as +30 to -20%, relative to calculated values for a 500-day irradiation period. The uncertainty decreases (A12 to 15%) for a shorter irradiation period (-300 days).
E. Activity Ratio Measurement
Activity ratios have been suggested'''" for use as burnup monitors. Several experiments since 1971 have explored this possibility and development is continuing. If we assume that the flux is constant during irradiation, the activity from a direct fission product ND formed (such as "7CS), and that from neutron capture of fission products N1 (such as '34CS) are respectively proportional to [see Eqs. (7) and (8) ] ND a Z," (@T) and (12) N, a Z~"a(n,~).
in which @ = spectrum and time-averaged neutron flux, .Zr = spectrum and time-averaged fission cross section, a(n, y) = spectrum and time-averaged neutroncapture cross section of the fission product, and T = irradiation time.
Equations (12) and (13) show that the NI/N~ratio is also proportional to (@T) and, in principle, can be used as a burnup monitor. The activity ratios that have been explored up to now are lS4Cs/1'7Cs and 154 Eu/187& 'Assemblieswere measuredat eight to nine levels and four comers, and the 1S7CS activity was summed.
For an absolute activity measurement, absolute detector efficiency must be known, and the measurement must be performed under strictly controlled geometry. The activity ratio measurement, however, is less sensitive to the geometrical arrangement and requires only that the relative detector efficiency be known. This distinct advantage makes the activity ratio measurement much more suitable for use in field inspection. However, a disadvantage is that effective fission yields of the activity ratios between burnup and activity ratios must be determined empirically. Correlations have been observed between the burnup or Pu/U mass ratio and the l~4cs/ls7cs activity ratio. There are also indications of a possible correlation with the 154 Eu/''7Cs activity ratio. These correlations are rather limited and it is doubtful whether such simple correlations exist for BWR fuels. To obtain burnup or plutonium content of fuel assemblies, correlations should be determined for each irradiation batch, or at least for each reactor. The status of the correlations will be reviewed later.
A recent improvement in the activity ratio measurementzo-zs is to introduce an intrinsic calibration, where measured intensity ratios for gamma rays of a given isotope are compared with established branching ratios. Using these data, an overall relative efficiency curve that includes mass attenuation and detector efficiency can be determined. This curve can be used to determine the activity ratios of two different isotopes. The advantage of this method is its simplicity; all necessary information to determine the' activity ratio (relative efficiency and cooling time ) is contained in a single gamma-spectrum measurement. However, this method relies on a fundamental assumption that may or may not be valid in an actual situation. It is accurate only if the measured isotopes (i94Cs, lg7Cs, 164Eu)have the same spatial distribution within the assembly.
The inaccuracy caused by different isotopic spatial distributions may be significant.
A typical experimental arrangement is shown in Fig. 4 (from Ref. 14). Other activity ratios could also be used, such as the 1°8Rh/144Pr suggested in Ref. 13 . However, there is no experimental support for such a correlation, and this ratio may be sensitive to migration effects (see '"aRh profile in Fig. 1 ).
1. IWCS/IWC5.The results of recent studies of the '3'Cs/'3'Cs activity ratio as a burnup monitor are summarized in Table III. Table III shows that for PWR fuels, correlations apparently exist between burnup or Pu/U mass ratio and '34Cs/'g7Cs activity ratio (within 1 to 4%) for Trino and Sena reactor spent fuels. The correlation is far from established for BWR fuels, With Garigliano reactor fuel assemblies,12 no correlation can be established; with JPDR-I reactor fuel rods,'"s" the correlation separates into two straight lines, depending on the upper or lower parts of the fuel, and for the two portions, the interceptions differ by 20%.
The latter study also found that the '34Cs/187Csac-tivity ratio is sensitive to the epithermal-to-thermal flux ratio. The correlations for the two segments can be made to agree better if the appropriate flux correction is made. This is not surprising consider- 
Fig. 4.
Typical gamma activity ratio measuring equipment.
ing that the thermal-neutron-capture cross section and resonance integral of 133CS are 30 and 450 barns, respectively, so that the resonance capture reaction is much more probable than thermal-neutron capture. In contrast, the formation of 13TCsdepends predominantly on the thermal flux.
It should be emphasized that because the Trino and Bohunice reactors have been studied well, and their attenuation factors can be calculated accurately, standard errors are small (1 to 77.).
Some theoretical studies'''"" have been made to evaluate the correlations between burnup or Pu/U mass ratio and 's4Cs/137Cs activity ratios. Reactor parameters that seem to influence the correlations are fuel enrichment, power history, void fraction (BWR), and moderator-to-fuel ratio. bl'he error quoted is systematic error. This deviation is attributed to the lack of pwver history correction.
'Calculated burnup and P@ ratios.
'Assemblies were assayed at eight to nine levels and four corners, and the W-a and Is~CSactivity ratios were surnrned. 'Plutonium recycle test reactor with naturally enriched uranium oxide fuel.
Because the half-life of *'4CS is 2.06 yr, a correction for the decay, based on operating power history, is necessary for long irradiation. The correction can be applied relatively simply by using weighted burnup," or fairly elaborately by using burnup codes such as FLARE or PDQ. Perhaps a correction method using the transmutation equation would be sufficiently accurate and simple to apply.
The possible error in the intrinsic calibration method is considered next. This method relies on a fundamental assumption that mass attenuations of "4CS and "7CS gamma rays through the assembly are related by the same energy-dependent function. This assumption is correct only if the measured isotopes ("4CS, 'S7CS)have the same spatial distribution within the assembly. Different isotopic spatial distributions may be caused by nonuniform burnup across the assembly and/or by different migrations within the fuel pins. It is generally accepted that "7CS activity is proportional to burnup. If the "4Cs/'g7Cs activity ratio is also proportional to burnup, then the 'WCS activity should be proportional to the square of the 187Csactivity. Thus, for nonuniform burnup, the lg4Cs and lg7Cs isotopes would have different distributions across the assembly even if there is no migration.
To estimate the possible uncertainty caused by different activity distributions in the intrinsic calibration method, the following calculations were performed for an 8-by-8 BWR assembly. The corner rods were assumed to have 20% higher burnup than the central rods, whereas burnups of the other rods were linearly interpolated.
(Postirradiation examinations show burnup variations as high as 40%.20) A Monte Carlo gamma transport code was used to calculate the gamma-ray transmission from the assembly. The collimator, viewing the corner of the assembly, was considered to be perpendicular to the length of the fuel assembly, which was submerged in water. The transmission is defined as the ratio of the number of gamma rays that reach the detector at their emitted energy to the number of gamma rays from the fuel assembly with a trajectory that would pass through the collimator and reach the detector. The lS7Cs activities were distributed proportionally to the burnups within the assembly (Fig. 5) .
From the calculated transmissions for various "4CS gamma-ray peaks (two are shown as squares in the lower half of Fig. 5) , the transmission at the 662-keV gamma was interpolated to be 0.233 A 0.002 (point A in Fig. 5 ). However, the transmission at the same energy from the lS7Csactivity distribution was calculated to be 0.201 A 0.002 (point B). The difference in these transmissions, 16.1~1.5Y0, is the error expected in the intrinsic calibration method. This error is the result of a 20% nonuniform burnup across the assembly; the higher the nonuniformity, the larger the error.
The possible error in the intrinsic calibration method was also calculated for a collimator angle of 45°to the length of the fuel assembly. Under these conditions, assuming a 20°A nonuniform burnup across the assembly, the intrinsic calibration method could be in error by 16.8Y0. Clearly, corrections for nonuniform burnup and migration must be applied to the intrinsic calibration method.
2. "4Eu/'"7Cs. To avoid complications caused by dekay during irradiation or power history correction, the "4Eu/lS7Cs activity ratio can be used. The 8.6-yr half-life of "4Eu makes power history a minor, or negligible, correction. However, the thermal neutron-capture cross section of '64Eu is relatively high (1500 b) and this activity ratio is calculated to be proportional only up to 20 000 MWD/MTU burnup.''!z' Because the fission yield of I'sEu is much smaller than that of 'SSCS,the '54Eu activity can be measured only after a long cooling time.
Only a few experimental points exist for the burnup vs '54Eu/''7Cs activity ratio correlation. For the Trino (PWR) assembly assay, correlations were found for burnup vs *54Eu/''7Cs (within 5.5%), and for Pu/U vs l'4Eu/'5'Cs (within 2.5%).22 For the JPDR-I (BWR) fuel,''"" the burnup vs "4Eu/''7Cs correlation again separated into two straight lines, corresponding to the upper and lower halves of the fuel pin, indicating that this correlation is also sensit ive to the void fraction.
F. MTR Spent Fuel
Burnup determination of materials testing reactor (MTR) assemblies is simpler than for LWR assemblies because (1) practically only 'W fissions take place, (2) the maximum fuel temperatures during irradiation are relatively low; there is probably little or no migration of fission products, and (3) attenuation correction can be taken into account more accurately. However, the irradiation histories are usually more irregular for these research reactors than for power reactors. This makes power history correction more complicated.
Since the early work by Rasmussen et al.,s' there have been several experiments on MTR spent fuel.
Tzou and Yang, 95 who used the absolute 'S7CS activity measurement method and a somewhat different approach to power history correction, found an -lOA uncertainty in burnup determination. Using the activity ratio method, Beets et al.aa measured 21 MTR fuel assemblies and found that the calculated and measured ls4Cs/'87Cs activity ratios had a correlation factor of 0.91 and a relative error of 9Y0. Dragnev et al.se measured 16 MTR fuel assemblies and found that between declared burnups and burnups from the measured ls4CsPa7Csac-tivity ratios the differences ranged from O to 22.7%, with an average difference of 4.9~0. In the last two experiments mentioned, the assemblies were measured at midassembly only; the possible axial burnup variation from one assembly to another may be responsible for some error in the burnup determination.
The absorption measurement method may also be used to determine MTR assembly burnup. Kreyger et al." demonstrated that by measuring the 145-keV gamma-ray absorption, the burnup determinations of MTR fuel elements can be accurate to more than 2% of the initial uranium content.
III. NEUTRON MEASUREMENTS
Neutron counting has several advantages over gamma-ray assay of spent fuels. Active neutron interrogation offers the possibility of assaying the spent-fuel fissile content directly, whereas in the gamma-ray assay, the fissile content can only be inferred.
Fast neutrons have relatively high penetrability in nuclear fuel material, thus attenuation correction is less critical. Also, because the halflives of uranium and plutonium isotopes are relatively long, there is little or no reason to correct for decays during irradiation or cooling periods of the fuel. Neutron assay can be made immediately after discharge, but gamma-ray assay can be made only after a certain cooling period.
However, neutron assay involves gross counting and it is impossible to say which isotope is the source of the measured neutrons. Neutron counting is also influenced by the presence of moderators and neutron poisons that may cause errors in the assay. Furthermore, the generic active neutron interrogation system is heavily shielded and therefore not easily portable. Thermal-neutron interrogation requires self-shielding corrections that may or may not be determined easily.
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A. Passive Neutron Counting
Irradiated fuels normally have a relatively high neutron emission rate (107 to 10s n/s per assembly), but passive neutron counting has not been actively considered as a possible method to determine burnup. The neutron emission rate depends on the quantity of curium isotopes in the fuel. A recent postirradiation examination of Trino fuel" shows that the 242Cmand 244Cmactivities are proportional to burnup from 13000 to 27000 MWD/MTU.
With uranium, plutonium, and americium isotopic compositions from this study, lo neutron yields from each isotope can be calculated. Figure 7 shows total neutrons emitted per second as a function of burnup. At discharge, total neutrons emitted per second is a linear function of burnup from 13000 to 27000 MWDfMTU.
After 2 yr cooling, the total neutrons emitted per second are proportional to burnup from 18000 to 27000 MWD/MTU.
For burnups <18000 MWDfMTU, the contributions from 240Pu and 23aPuisotopes are significant. After >2 yr cooling, the neutron emission rate is still proportional to the burnup over the same range.
Passive neutron assay can be used as a consistency check over the burnup range of 18 000 to 27 000 MWDfMTU for various cooling times, and over a wider burnup range at discharge. This conclusion is drawn from the Trino reactor fuel; it is not certain however that the number of curium isotope atoms is proportional to burnup for other reactor fuels. The passive neutron assay of burnup is a promising alternative to gamma-ray assay and should be investigated further. If the assay is to be performed under water, neutron multiplication effects may be significant. 
Fig. 8. Conceptual design of an LWR fuel assembly assay system.
either a 2'2Cf or an antimony-beryllium neutron source that can be shuffled for prompt-and delayedneutron counting. The main (acceptable) conclusion of this study is that an assay system can be built to determine the fissile content of LWR spent fuel; there are, however, reasons to disagree with some specific points of the study. With 252Cf interrogation and prompt-neutron counting, the detectors near the source should be deleted because they reduce the fission-to-source-neutron discrimination ratio. Measurements have shown'" that BF, neutron detectors are not suitable for use in the high neutron fields of either the spent fuel or the interrogateion source in that they do not recover rapidly for delayed-neutron counting. The possibility of measuring uranium and plutonium fissile contents separately by using either the delayed-to-prompt ratios or the gadolinium filtered and unfiltered measurements, could be difficult to achieve in practice.
This approach, or a modified version, can probably be used to assay the fissile content of spent fuel with reasonable accuracy; for this purpose, prompt-neutron counting has the advantage of the I--_J better signal-to-background ratio. A similar system using prompt-neutron response to determine fissile content. by interrogating with rhodium-deuterium neutron sources was proposed by Ragan et al." for FBR fuel. They concluded that the system could assay the fissile content with 1 to 5~0 uncertainty. However, this type of LWR spent-fuel assay system has not been built. Baumung et al.'f reported a similar system for assay of fresh fuel assemblies that combines irradiation by an antimony-beryllium neutron source, fuel bundle rotation, and promptneutron detection.
2.
Highly Enriched Spent-Fuel Assay System. Highly enriched spent fuels are simpler to assay because of the higher fissile content (mostly "'U), and the reduced neutron background.
Augustaon et al." designed and operated an automated system for the slightly irradiated, 93 Yoenriched Rover fuel accumulated from the U.S. Nuclear Rocket Propulsion program. Up to seven fuel rods were put in cardboard tubes and assayed by active neutron interrogation. The assay system, shown in Fig. 9 , consisted of two radium-beryllium sources and 'He gas proportional counters for 
Fig. 9. Irradiation region of the radium (-Y,n) beryllium assay system for measuring '"U content in irradiated Rover fuel rod tubes.
prompt-neutron detection.
To correct for the neutron thermalization caused by the cardboard tubes, two fission chambers were used as flux monitors near the sample. Tests of the axial and radial material distributions within the assay tube showed that the response was quite independent of material distributions. The assay system was calibrated with a series of seven standards identical in geometry and packaging to the unknown tubes. A 150-s assay showed a typical 2.1% (2u) uncertainty in the 'SW mass. Numerous field tests were run in which more than 2000 tubes were assayed. The total assayed fissile content amounted to 99.44% of the book value, indicating little or no bias. For higher burnup fuels, the system may need some slight modification to shield the detectors better and to measure the self-interrogation from the fissionproduct gamma rays.
Filss"" reported a system that can assay hightempera@re gas-cooled reactor (HTGR) spent fuels in 6-cm-diam spheres. This sy@.em used two antimony-beryllium sources for active neutron in- A CockcroftWalton accelerator producing 14-MeV neutrons by the (D,T) reaction was used for interrogation. The neutron spectrum was moderated by 21.5 cm of lead (mainly from the shipping cask) to enhance fissile response compared with fertile materials. A correction was made for the delayed-neutron response from the fertile isotopes. A fresh fuel element was used as the calibration standard. Over a wide range of loadings (250 to 340 g), the assay was accurate to within 20/0with a measurement standard deviation of 0.6Y0.
Rotter'" has reported an assay method using a sealed pulsed-neutron tube for interrogation. The shape of the prompt-neutron response (first and second time moments measured 100 to 600 ys after pulsing) could be used to discern poison and the fissile content in the fuel element. For highly enriched spent fuels, the fissile content was determined to within an accuracy of -4% and the poison content to within 7Y0. Rotter claimed that the assay method could be used on LWR fuel elements with little or no modification.
D. Slowing-Down Spectrometer
A slowing-down spectrometer (SDS) has been proposed wo for assaying spent-fuel rods. Because of the time-energy correlation, the SDS can be considered a neutron interrogation system with a variable energy. The '9SU and 29DPufissile contents can be distinguished by differences in the cross sections at certain neutron energies.
Interrogating fresh rods with neutrons of mean energies of 0.025 and 0.3 eV, Krinninger et al.'g'sl reported that a 2sePuPgsUdiscrimination factor of 4 could be attained. The relatively large resonance self-shielding at these energies required a careful shielding correction calculation. It was claimed that the 2S'U and 23'Pu contents in fuel rods could be assayed to within a 2% (lu) accuracy.8i Baumung et al.42 explored the higher neutron energy regions to reduce the self-shielding correction, but the 'SDPUPWJdiscrimination factor dropped to <2 making plutonium and uranium fissile separation difficult .
The problems of assaying spent-fuel rods with SDS have been examined.''o'" Fission-product build-up does not appear to affect the assay accuracy.'e The neutron detectors must operate in a relatively high radiation field or they should be separated from the sample by shielding material. The method loses accuracy in assaying spent-fuel rods because the 1-eV resonance of the unknown Z40pu content may overlap the 0.3-eV 2S9PU
resonance. Also, it is questionable whether the SDS method can assay the whole assembly because of the nonuniform response across the assembly, and that the increased sample size deteriorates the energy resolution.
E. Neutron Resonance Absorption
Individual plutonium and uranium fissile contents in spent fuel also can be determined by neutron resonance absorption analysis. Priesmeyer et al." used a fast chopper and time-of-flight (TOF) spectrometer to select the neutron resonances in the 0.2-to 50-eV energy range. The 23'U, "U, 3SSU, '3'Pu, 240Pu,and *'zPu isotopes were found to have isolated resonances in this energy range that can be used for assay. The interference from fission-product resonances seems to be negligible. The study indicates that this technique could measure the contents of pulverized pellet samples to within -10% accuracy, Lazare# reported a study on FBR fuel rods where the neutron resonance absorption technique was used, and he quoted an -2% measurement uncertainty in Z3Spu. This technique, however,
probably cannot be applied to assay fuel assemblies, except for certain MTR assemblies, because (1) the absorption from the larger resonances tends to saturate as sample thickness increases, and (2) the method requires the sample to be in slab geometry. This method requires an intensive epithermal neutron source (probably from a reactor) and the rather complicated chopper TOF spectrometer.
IV. OTHER MEASUREMENT TECHNIQUES
Besides the assay techniques based on gamma and neutron measurements, two other NDA techniques reported for irradiated fuel are the reactivity and calorimetric methods, both of which are integral measurements.
A. Reactivity Measurement
The reactivity measurement has been used for many years to assay nuclear material. BeysteF4 evaluated the advantages and disadvantages of both the critical and subcritical reactivity methods.
Reactivity is basically an integral quantity, although poison and fuel content can be differentiated by tailoring the neutron flux or the adjoint flux. In addition to the poison-fissile content separation, Baumung et al. 42 found that a '30PuP3sU discrimination factor of 2.6 could be achieved with this method. Green et al.s6 applied the technique to assay 2SsU0,-ThO* irradiated rods. They found that the fission-product reactivity worth is <3Y0 of the fuel worth; the spontaneous neutron (6 x 1P nfs) reactivity is much below the measurement sensitivity (Ak/k = 10-7). The total accuracy (systematic and random) for an assay of 500 rods was estimated to be 0.5%. This assay technique seems to be applicable to whole assemblies, s6 especially the MTR-type assembly that has a relatively small self-shielding effect. The main problem of the technique to assay an LWR spent assembly is to determine the plutonium and uranium fissile contents of the assembly separately, The cost of such an assay system is relatively high."
B. Calorimetric Measurement
Another interesting approach to determine spentfuel burnup is to measure its heat output. The heat, generated predominantly from fission products, depends not only on bumup, but on irradiation history and cooling time. Ramthun and Debertinb7@ found that the '44Ce-'44Pr (Tl,, = 284 days) and "eSr + "Y i-"Zr activities (Tl,,~60 days) contributed the major portion of heat generated from MTR fuel sections. They claimed an accuracy of 1.5 to Z.qy. in calorimetric bumup determination and a possible 2 to 3% systematic error from nuclear data, gammaray energy absorption. It is hard to comprehend that the gross heat measurement can be more accurate than the gamma spectrometric measurement in which the isotopes can be identified by gamma-ray signatures. Perhaps because the authors knew the detailed irradiation history within a maximum 330-day irradiation period, careful irradiation history and cooling corrections were possible. Good agreement was obtained between calorimetric and massspectrometric measurements.
V. SUMMARY AND DISCUSSION
A summary of the status of NDA techniques as applied to spent fuels is given in Table IV . Since the last review in 1968, several NDA techniques have proved reliable to determine burnup or fissile content of irradiated nuclear fuels for safeguards purposes.
A. MTR Spent-Fuel Assemblies
The status of NDA techniques for MTR or other highly enriched fuel assemblies is quite good. Both the absolute gamma activity and the gamma activity ratio methods can determine bumup of an MTR assembly with reasonable accuracy. If the fissile content of the assembly were desired, either the gamma-ray absorption method or the neutron interrogation with isotopic source method could be used.
B. LWR Spent-Fuel Assemblies
The status of NDA techniques assemblies is not yet satisfactory for LWR fuel and must be studied further to develop reliable techniques.
To determine burnup, the activity ratio method is desirable for field inspection because of simplicity of measurement.
Several aspects of this method, however, require further examination.
1, At present, indications are that no correlation exists between the burnup and the lS4Cs/la7Cs activity ratios for BWR assemblies.lz More studies are needed to evaluate the influence of obvious reactor variables (enrichment, poison content, mode,ratorto-fuel ratio, etc.) on the correlation.
2. Approximately four experiments have been reported in which correlations in LWR spent-fuel assemblies were determined to within 4Y0. Most of the experiments relied on detailed specific burnup calculations to derive the assembly attenuation corrections. An inspection agency would not have enough information nor time to perform these calculations.
Inspectors need a set of empirical correlations between burnups and activity ratios without the attenuation correction. An agreement should be reached between the investigators and inspection agencies that similar measurement techniques (assembly corner measurement, power history correction, etc. ) be used in establishing the correlations to be relied upon in field inspection. We question whether correlations established from postirradiation examinations of fuel pellets or dissolver solutions can be used to assay fuel assemblies Accuracycanbe attained onlyif theaesembIy attenuation canbe calculatedto higher accuracy.
MTR assembly LWRrod LWRassembly
Gamma activity ratio lqJ#mc~A ccuracycanbe attained onlyif theassemblyattenuation canbe calculatedto higher accuracy. 
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because of the very large attenuation factor, unless could reduce these errors and enhance the the intrinsic calibration method is proved valid.
usefulness of the method (smaller fuel pin diameter 3. The intrinsic calibration method simplifies the and lower Iinear power ratings reduce both activity ratio measurement significantly, but the acprobability of cesium migration and the influence of tivity migration and nonuniform burnup cause the different radial distribution of IS*CSand "7CS; errors. Changes in the present LWR fuel design different enrichment loading within the assembly ensures a more uniform burnup). Understanding of applicability of the intrinsic calibration method to various generations of reactor fuels is required. 4. A reliable method of scanning the assembly to obtain burnup profiles by some integral gamma or neutron measurement will expedite the measuring process. After determination of burnup profile, only measurement of assembly activity ratio at one or a few points is necessary.
In a gamma assay, the outer rods of a spent-fuel assembly contribute most of the activity; an alternative method is needed for burnup determination in which the contribution from the center rods is more significant. Passive neutron counting of the fast neutrons appears promising, and the measurement can be performed with portable equipment. Because the possibilities of this method have not been established, it should be explored. If fissile content of LWR fuel is required by an inspection agency, then neutron interrogation with sealed neutron tubes is a possibility, but it has not been actively investigated.
For reprocessing plants, it seems that systems using the approach of neutron interrogation with isotopic sources '6,90,4' could determine the total fissile content of LWR fuel assemblies. At present, no method can accurately differentiate between the plutonium and uranium fissile contents of the assembly. A method that could differentiate between the two dominant fissile components would be advantageous for a reprocessing facility. Accuracy of burnup calculations for PWR, BWR, and CANDU reactors is discussed in the Appendix. Based on previous bench-mark calculations, the assembly-averaged burnups can be calculated to within 3 to 7%. However, without detailed simulations of the actual reactor operating history, an additional error (within 5 to 7% for PWR, 10 to 157. for BWR) may be made in predicting assemblyaveraged burnups. If a substantial deviation is found between measured and declared burnups, the logical conclusion would be that either fuel substitution has taken place or there is a large error in the declared burnup. Therefore, the inspection agency should have the capability to check the burnup calculation in case of discrepancy. Strict monitoring of special nuclear materials is necessary to prevent their diversion from legitimate uses to illegal weapons applications. Specifically, the burnup and heavy-element isotopic content of spent fuels from power reactors must be known to detect unsanctioned activities. Various experimental techniques can verify spent-fuel burnup declared by reactor operators. In addition, it is desirable to provide additional verification of declared burnup by comparison with calculated burnup predictions. This Appendix is a brief review of our ability to predict fiel burnup in power reactor cores in order to understand better the usefulness of burnup calculations for nuclear materials safeguards considerations.
For accurate fuel burnup predictions in a power reactor core, we rely heavily on computer code systems to account for material heterogeneities and complex space-and energy-dependence of reaction cross sections of materials in the core, as well as for accurate determination of various nuclide concentrations as a function of fuel burnup. Accurate burnup calculations also require a detailed simulation of the actual operating history and fuel management scheme of the reactor core.
During the past decade, the accuracy of fuel burnup predictions in reactor cores has been the subject of several reviews. sg-esThis report updates earlier reviews by incorporating recent experimental and calculational results. In addition, credit ia given to industry's efforts to evaluate and improve the accuracy of power distribution predictions and measurements. The accuracy of fuel burnup predictions is, of course, limited by the difficulty in making accurate power distribution predictions. Here we discuss only the capability for predicting power and burnup distributions in LWR and CANDU reactor cores.
II. COMPARISON OF REACTOR TYPES
A. PWR
The distinctive feature of the PWR design (which represents about two-fifths of the world's operating reactors) is the use of light-water moderator and coolant. The water, at a system pressure of 155 bars (2250 psia or 15.7 MPa), normally is not permitted to boil in the reactor pressure vessel. The reactor core is further characterized by uniform enrichment within each fuel assembly, small water gaps between assemblies, and a distributed control poison system. The reactivity variation caused by power level change is controlled by a combination of distributed control rods and boric acid dissolved in the coolant. The gross reactivity change caused by fuel depletion is compensated for by a combination of soluble boron and distributed burnable poisons usually containing B.C. During normal operations, the control rods are essentially removed from the reactor core. Fuel elements, which typically contain 1.9 to 3.5% enriched uranium dioxide, are exposed to 33 000 MWD/MTU of burnup before discharge.
B. BWR
The BWR design (which represents about onethird of operating reactors) also uses light-water moderator and coolant. In BWR cores, however, the coolant water is at a system pressure of 72 bars (1050 psia or 7.3 MPa) and is allowed to undergo bulk boiling in the reactor core, thus causing an appreciable amount of void formation. The most significant manifestation of this is a strong negative reactivity feedback effect.
Other differences from the PWR design are caused by additional heterogeneities in the core structure. Fuel assemblies with nonuniform enrichment distributions are separated by large water gaps that accommodate control elements. The control elements, in the form of cruciform blades, are strong localized neutron absorbers that usually control reactivity variation associated with power level changes and fuel depletion. Control of reactivity changes caused by load variations may also be augmented by flow rate controls in BWR cores. Control of reactivity variation from fuel burnup is also augmented by distributed burnable poisons consisting of Gd*OS mixed with fuel material in selected rod locations. Fuel assemblies, which are typically loaded with uranium dioxide pellets of 1.5 to 3.0% enrichment, are exposed to 27500 MWD/MTU of burnup before discharge.
The cruciform control blades also obtain the desired power distribution in BWR cores that, uncontrolled, would be distorted considerably from symmetric distributions caused by the distributed void feedback effect. Thus, at the beginning-ofcycle (BOC) in a BWR core, about a quarter of the control rod full-length equivalent would be inserted into the core so that reactivity and power distribution requirements would be met. Control rods are interchanged at subsequent intervals in the fuel cycle and are gradually removed until at the end-of-cycle (EOC) the core is free of control rods.
C. CANDU
The most distinct feature of the CANDU design is that heavy water serves as both moderator and coolant, which permits the use of natural uranium as fuel instead of enriched uranium (as in LWR designs). In CANDU reactor cores," short bundles of fuel rods, typically 50 cm long, are placed end to end horizontally in individual pressure tubes containing heavy-water coolant. The pressure tubes are 22 loaded horizontally in a calandria, which contains the cool, low-pressure heavy-water moderator.
The CANDU design is also characterized by its on-power, continuous refueling scheme, which minimizes the control requirements associated with fuel depletion. Lumped poisons consisting of cobalt rods and tubes of light water control the reactivity changes associated with power level variation, shape the desired power distribution, and control spatial xenon oscillations. This control system is augmented by a soluble boron system that overrides excess reactivity during the initial phase of reactor opera- Power burnup calculations in PWR cores are usually initiated by unit-cell codes, such as LEOPARD," which represent individual fuel rods.
The few-group microscopic or macroscopic cross sections obtained from these calculations are used in fine-mesh diffusion theory codes such as PDQ-7,W which simulate individual fuel rods discretely in two-dimensional x-y geometry. These twodimensional x-y calculations are then coupled in a single-channel synthesis scheme with onedimensional axial calculations to generate threedimensional flux and power distributions. The assumption of separability of power distribution in the radial and axial directions is acceptable in PWR cores, where the spatial variation of moderator density is small and the neutron absorbers are nearly uniformly distributed. However, increased efforts have been made recently to perform full threedimensional diffusion theory calculations for PWR cores rather than the traditional radial-axial synthesis calculations. The discrete two-or three-dimensional flux distributions can then be used explicitly with microscopic cross sections to calculate fuel burnup and isotopic depletion for individual fuel rods. In more routine calculations for PWR cores, macroscopic group constants generated from unitcell calculations are used parametrically to determine fuel burnup for each fuel rod, and isotopic concentrations are determined from the unit-cell calculations.
In contrast, large spatial variations of moderator density, additional heterogeneities introduced by the control blades, and the enrichment distribution within each fuel assembly in BWR cores make full three-dimensional calculations necessary for determination of power and burnup distributions. For economic reasons, however, coarse-mesh threedimensional calculations are usually coupled with thermal-hydraulic feedback effects in BWR cores using codes such as FLARE,*7 and the BWR Core
Simulator."
Thus, fine-mesh calculations are necessary for one or more fuel assemblies where individual fuel rods, control blades, and other material heterogeneities are discretely represented.ea The macroscopic group constants from these fine-mesh assembly calculations are then used parametrically to determine global power distributions and fuel burnup distributions in coarsemesh three-dimensional calculations, and isotopic compositions are determined.
In CANDU reactor cores, the cool heavy-water moderator surrounding the pressure tube indicates a degree of heterogeneity similar to BWR cores. In CANDU and BWR cores, group constants are generated for fuel bundles; in PWR cores, the group constants are generated for individual fuel rods. The few-group constants generated from the bundle calculations (for example, based on the LATREP code'") are then used in two-and three-dimensional diffusion theory calculations to determine power and burnup distributions.
IV. EXPERIMENTAL METHODS FOR BURN-UP DETERMINATIONS
A. Burnup Distribution Methods available for the experimental determination of fuel burnup are nondestructive analysis (NDA) and destructive analysis (DA).
NDA methods are described in Sec. II of the main text. Briefly, they entail gamma assay of a spentfuel assembly or rod to determine burnup; the theory is that the fission-product yield relates the number of fissions, or fuel burnup, to the amount of fission product produced. The calculation also requires the energy released per fission for each of the fissionable nuclides.
DA methods involve chemical dissolution of the spent fuel. Specific methods are mass spectroscopy and radiochemical assay. Mass spectroscopy is perhaps the most direct method because it actually measures the absolute and/or relative concentrations of the nuclides and relates them to burnup using simple equations. Two ways to relate isotopic concentrations to burnup are the heavy-element (HE) and "'Nd methods. The HE method" determines the number of atoms present for each fissionable nuclide and, using the information on fission energy for each isotope, calculates burnup in MWD/MTU.
The "'Nd method" differs from other fission-product methods because "'Nd is not radioactive so no correction is necessary for radioactive decay. The essential quantities are the EOC atom ratios of I'eNd to fissioning nuclides, effective energy per fission, and fission yields.
B. Power Distribution
Accuracy in the fuel burnup predictions is effectively limited by the corresponding accuracy in the power distribution predictions because fuel burnup is obtained as a time-integral of power. Hence, to evaluate accuracy of burnup predictions, accuracy of power distribution predictions is investigated. Experimental techniques used to measure power 24 distribution in operating power reactors are reviewed; in particular, gamma-scan techniques and in-core power distribution monitoring methods are discussed.
The gamma-scan techniques (see Sec. II) involve analysis of fuel elements or assemblies for photopeaks of certain fission products. A burnup monitor must have a long half-life. For power distribution determination, instantaneous or recent fission events are important, as opposed to burnup determinations where cumulative fission eventa are desired. Therefore, the fission product used as a power distribution monitor should have a short halflife. A commonly used isotope in this application" is ""La, which has a half-life of 40.2 h.
If the power distribution were held constant for 60 days (which corresponds to about five half-lives of " ""La) the spatial disMOBa,whose decay product 1s tribution of the 140Lagamma activity is assumed to be directly proportional to the power distribution. To be more accurate, however, the actual power distribution history during the two months of operat ion before shutdown is closely simulated by diffusion theory calculations, and the predicted *'"La activity distribution is compared with the measured distribution. The accuracy in predicting the ""La can then be interpreted as the accuracy in t he power distribution predictions."
Movable anti/or fixed in-core neutron detectors are used in LWR cores to determine three-dimensional power maps at operating conditions.7'-7' Miniature fission chambers or self-powered neutron detectors normally are used in power distribution monitoring systems. The movable detector system provides spatially continuous axial power distributions at discrete time intervals, whereas the fixed detector system yields timewise continuous information at a few discrete spatial points. In some older cores, either flux wire or aeroball activation systems were also used.
It is a general practice to deduce from the detector signals the average power distribution in the assembly or assemblies surrounding each detector. This conversion to assembly-average power distribution is based on the power-to-detector signal ratios obtained from the multigroup diffusion theory calculations. Power distribution in uninstrumented assemblies is obtained from interpolations and/or extrapolations of the measured power distribution in instrumented assemblies, again based on the calculated assembly power distribution. Local pinto-pin power distributions from multigroup diffusion theory calculations are then superimposed on the assembly power distribution to obtain a global pin-to-pin power distribution in the x-y plane. For movable detector systems, the measured axial power distributions are coupled with this x-y distribution to obtain a three-dimensional power map." For a fixed detector system, axial power distributions are generated by Fourier analysis of discrete detector signals, and then combined with the x-y power distribution as in the movable detector system .77
V. ACCURACY IN BURNUP PREDICTIONS
To better understand the usefulness of burnup predictions for nuclear safeguards purposes, we will summarize burnup prediction capabilities of PWR, BWR, and CANDU reactors. The discussions concentrate on accuracy of predicting burnup and power distributions (assembly average, relative rodto-assembly, and relative axial within rod), and isotopic distributions for zwu and fissile plutonium isotopes (assembly average and relative rod-wise within assembly). The accuracy of these predictions is evaluated in terms of the standard deviation of relative errors between calculational and experimental values, based on comparisons from the open literature. In many cases, standard deviations were generated using published raw data. In some cases, because the limited number of data points did not warrant meaningful calculations of standard deviations, only the range of accuracy is reported. Discussions on the accuracy of the data bases are presented, followed by a summary in Table A Onofre reactor, power distributions were measured experimentally by aeroball activation, and a +6.2Y0 standard deviation in assembly-averaged power distribution prediction was reported.'" However, a *5 to 9~0 standard deviation in the experimental measurement of assembly-averaged power distribution was estimated by Fenech for the aeroball sYstem.el Thus, the somewhat large *6.2°/0 standard deviation reported for the San Onofre reactor seems to be partly from inaccuracies in the aeroball system itself, and is not included in Table A reactors, better experimental accuracy is expected because in-core neutron detectors andlor flux wire activations were used to determine power distributions experimentally.
Ariemma et al.w reported *0.8 to 3.4% standard deviation in their predictions of relative power distribution within assemblies, based on analyses of Saxton critical facilities data.
Isotopics Distribution.
Most available data on isotopics distributions are also from YankeeRowe and Trino. Although the Yankee evaluations were quite extensive and included a careful evaluation on experimental accuracy in assemblyaveraged isotopics distributions, no comparison between calculations and measurements can be found in the literature. However, a recent evaluation by Swedish researchers" includes some isotopics comparisons.
On an assembly-averaged basis, standard deviations of *4. l% for '"U and &i.3Y0 for fissile plutonium concentrations were obtained'a as an indication of calculational accuracy for Yankee-Rowe. Similarly, standard deviations of *3.8% for '"U and +4.070 for fissile plutonium concentrations were generated for Trino. '2 Standard deviations of *1.0%
for '"U and q1.6% for fissile plutonium concentrations in the experimental isotopics determination on an assembly-wise basis were obtained from the Yankee evaluations." assembly to another is less meaningful when applied to CANDU because of continuous refueling." Fuel bundles are continuously moved in the reactor, and burnup predictive capability at a given point is less useful. The quantity usually noted in CANDU literature is the equilibrium discharge burnup, which is the operator's goal for each bundle. Calculations to determine this quantity have yielded accuracy to *2% for 7000 MWD/MTU, and approximately *5Y. for 7000 MWD/MTU for the NPD reactor." Experimental data for such comparisons were from DA, where the calculated 2"UP"U atom ratios were normalized to the experimental values. Hence, because these error estimates are considered optimistic, a 27. error has been added arbitrarily to obtain more realistic error estimates for bundle-average burnup predictions.
Calculations based on the isotopics data presented for the NPD reactor,ea the heavy-element method,'1 and typical nuclear parameters24 yielded an approximate estimate on prediction accuracy of the relative rod-to-assembly burnup distribution from *1 to 2%.
Power
Distribution.
Comparisons of calculated and measured channel power distributions for the Douglas Point reactor indicate a 4c4% standard deviation.ee Channel power in CANDU is the power produced by all the bundles in a pressure tube and hence, is equivalent to the assemblyaveraged power in LWR cores.
Thermal neutron flux distributions from CANDU compared with calculationsloo indicate that axiaI peaking factors within assemblies could be calculated to a 1.6% accuracy. This accuracy, however, only refers to the peaking factors within short bundles. An overall axial power distribution calculation is expected to be much less accurate. Similarly, the calculation of the relative rod-tobundle thermal flux distribution has been shown to lie within 3.3% of experimental results. These calculations were made using a two-dimensional transport theory code.
3. Isotopics Distribution.
The results from isotopics studiesea done on an assembly-wise basis were only from the 2S5U/WJ atom ratios normalized to the experimental values. Errors of the relative rod-to-bundle isotopics calculation range up to
+A.b~o
for 'SW and *4.3% for fissile plutonium concentration.
D. Summary
Discussions in this section are based on published information and are summarized in Table A-I, where we round off the available error estimates to the next larger integer values. Whenever actual data exist, the published information has been presented in an attempt not to introduce subjective estimates.
When no actual data were available, best estimates were provided in parentheses.
Because experimental errors involved in the various burnup and power distribution measurements have not been accounted for explicitly, the fuel burnup prediction accuracies summarized in Table A -I are only relative to measurements and are by no means absolute accuracies. Also, most of our information is based on bench-mark calculations on burnup, power, and isotopics distributions. Thus, the accuracy estimates in Table A -I may often represent rather optimistic estimates on burnup prediction capability.
VI. CONCLUDING REMARKS
We have presented reasonable estimates on the fuel burnup prediction capabilities for LWR and CANDU, based on published results (mostly from bench-mark calculations). These calculations are invariably performed with detailed simulations of the actual operating history of the plants, including control poison variations. For nuclear materials safeguards, however, it is important to verify declared fuel burnup based on predicted calculations performed without detailed simulations oft he plant operating history. k estimate of the error bounds for burnup prediction calculations without detailed simulations of the actual operating history might be obtained by studying changes in power distributions caused by power level changes and/or control rod motions.
Thus, in PWR cores, a maximum difference of 7% in assembly-averaged power distribution may be observed between hot full-power conditions wit h and without equilibrium xenon poisoning.loi This 7°A difference would represent an upper bound on the expected changes in the assembly-averaged power distribution caused by power plant operations at less than full-power levels. Thus, an additional error from 5 to 7% in the assembly-averaged burnup distributions might be suggested to account for the lack of detailed simulations of the plant operating data.
Without detailed simulations of the operating data, somewhat larger errors could be expected for predicted axial burnup distributions in individual fuel assemblies or rods because of the tilting of axial power distributions under the presence of negative moderator temperature coefficients in PWR cores, that vary as a function of power level. Relative rodwise burnup distributions within fuel assemblies are not expected to change significantly because of power level changes. In BWR cores, control blades are interchanged and gradually removed in a sequential manner as a function of core fuel burnup, in contrast to PWR cores which are normally operated without insertion of any control rods. Thus, a substantial error could be made in predicting burnup distributions in BWR cores if detailed control rod histories are not simulated.
In BWR cores, average power in a fuel assembly could change by '35% by the insertion or removal of an adjacent control blade.loz Control blades, however, usually are rotated among a group of four adjacent units to match predicted Haling power distributions as closely as possible.loa Perhaps a maximum additional error of -10 to 1570 in the assembly-averaged burnup predictions might be suggested for BWR cores where detailed control rod histories are not simulated. Substantially larger errors in burnup predictions for relative rod-toassembly and axial distributions could possibly be expected in BWR cores if detailed simulations are not made of control rod motions, power levels, andlor flow distributions.
Burnup predictions based on in-core power distribution measurements should be used whenever possible to provide additional verification of declared fuel bumup. There should be increased emphasis on assessment of the accuracy of the power distribution monitoring systems so that they will be more meaningful for control of nuclear materials.
